Accurately quantifying actual evapotranspiration (ETa) over wetlands is important for the improved management of these ecosystems, since 65% of them are threatened by clearing or drainage in South Africa. This study evaluated a range of available estimates of ETa over six palmiet wetlands, which are key ecological structures in terms of water regulation and sediment trapping. The research compared three remote sensing based products (a local product, FruitLook, and two global data products, MOD16 ET and EEFlux) across different rainfall years (2008 to 2019). Their outputs were validated, where possible, with limited ground-based scintillometer data on the Krom palmiet wetland, which indicated that MOD16 and EEFlux were most representative of ground-based measurements. We also compared the small pixel size EEFlux data over three wetlands with ETa over increasing buffers of land cover (100, 500, 1000 m) in order to validate the perception of these wetlands being high water users. While larger wetlands had slightly higher evaporative demands than adjacent areas, ETa over a small wetland was similar to neighboring land cover. The results indicate that palmiet wetland ETa is highly variable and dependent on external factors such as climate, wetland size and seasonality.
Introduction
Wetlands are vital ecosystems in terms of supporting water resource ecosystem services. Some of the key services they provide include the regulation of water supplies, the mitigation of floods and droughts, and the improvement of water quality [1, 2] . However, when it comes to land use planning, terrestrial ecosystems are favored over wetlands [3] , and this has resulted in 50% of the Earth's wetlands vanishing over the last century [4] . In South Africa, 65% of wetland ecosystems are regarded as threatened [5] , which has prompted the initiation of large-scale wetland restoration programs largely through the nationally funded Working for Wetlands Programme [6, 7] . However, these restoration programs are hindered by the lack of knowledge of many of South Africa's diverse wetland systems, in particular around the hydrological functioning of these wetlands [8, 9] .
Palmiet wetlands found in the Eastern and Western Cape of South Africa are particularly threatened and poorly understood [10] . Palmiet wetlands are abundantly populated by palmiet plants (Prionium serratum) which are robust, tall stemmed plants that grow in dense stands typically forming unchanneled valley bottom wetlands. Palmiet wetlands are able to withstand the periodic flooding that occurs in the geological Cape Fold Belt region (Cape Supergroup geological formation). Their resilience Remote sensing techniques can help to improve estimation of ETa in several ways; they are mainly recognized for their ability to map out ETa in a spatially and temporally distributed manner [22] . The expanded temporal and spatial scales of remote sensing based techniques allows them to represent the heterogeneities that exist in evapotranspiration fluxes better than conventional ground-based point measurements [15, 23] . Nonetheless, ground-based measurements are consistent and accurate and they are needed to validate remotely sensed estimates of ETa [24] .
The current study looks at a range of available estimates of ETa over palmiet wetlands, and compares and identifies the most reliable estimates from remote sensing sources. The study therefore also contributes to improving confidence in various remotely sensed evapotranspiration products for use in other environments. This study had three major objectives:
(a) To compare ETa data from three remote sensing products for a range of diverse shape and sized wetlands; (b) To compare/validate the remote sensing-based ETa with limited ETa estimates from ground-based scintillometer data;
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Materials and Methods

Study Area: Location of Palmiet Wetlands
Six palmiet wetlands located in the Eastern and Western Cape of South Africa, with available ETa data, were selected for this study (Figure 1 ). These wetlands, Clanwilliam, Goukou, Helderstroom, Jonkershoek, Krom, and Theewaterkloof, are some of the least degraded and transformed of their kind [12] and therefore offer an important opportunity to advance knowledge about the hydrology of this type of wetland. Table 1 provides an overview of some of the main characteristics of these wetlands.
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Evapotranspiration Data Sources Evaluated
Remote Sensing Data Sources
Three remote sensing based products (FruitLook, MOD16 ET data product, and EEFLUX) ( Table 2) were evaluated. These products are based on models, which compute ETa by applying highly complex automated or manual computations based on energy balance, aerodynamics, and radiation physics [22, 25, 26] . The models generally incorporate data such as surface temperature, surface albedo, and vegetation index acquired from satellite images (e.g., Landsat and MODerate Resolution Imaging Spectrometer [MODIS]) meteorological data (air temperature, wind speed, and humidity) together with digital elevation and land cover data [22, 25, 26] . Appropriate algorithms are then applied to these data to derive ETa estimates. The data relevant for the specific wetland were extracted using shapefiles of the wetland, and the mean value of the pixels within the wetland area are reported here. Scintillometer ETa data were derived by taking direct, on-site measurements of sensible heat flux densities (H) and weather data to obtain the latent heat fluxes (LE) from the energy balance equation [28] . This was followed by converting LE to obtain ETa. Scintillometer data used in this study were acquired from two study areas including data obtained from Dr Jarmain (pers. comm.; unpublished data) from the Helderstroom wetland, as well as data from a scintillometer set up by the authors on the Krom wetland. The Helderstrom data were derived by taking measurements of H at ten minute intervals for a limited number of days in October (14-29 October 2008) using the Scintec-BLS900 large aperture scintillometer. The Krom data were derived by taking measurements of H at 20 min intervals from 22 May to 22 July 2019 using a Kipp & Zonen MKII large aperture scintillometer.
Climate Data
Daily rainfall data (mm) generated by Climate Hazard Group InfraRed Precipitation with Station (CHIRPS) [29] were obtained using Google Earth Engine. CHIRPS data combines satellite imagery with in-situ station data to generate a rainfall time series at 0.05 arc-degrees resolution. The time period of data derived from various data sources used in the study is indicated in Figure 2 .
Local climate data for the Krom palmiet wetland were obtained from two different sources due to availability ( Figure 2 ). This included a weather station run by DuToit Agri, located 13 km north of the study site within the same valley, and a weather station run by the South African Agricultural Research Council (ARC) located 17 km away but nearer to the coast. The weather stations measured hourly rainfall, temperature, relative humidity, solar radiation, and wind speed, and the Penman-Monteith equation was used to produce a time series of ETo. A comparison of the two data sources over 5 months of overlap (January to May 2018) indicated that the ETo were very similar ( Figure 3 ), but that the ARC rainfall data were significantly higher. 
Data Analysis
Comparison of ETa for Palmiet Wetlands from Remote Sensing Datasets
The remote sensing ETa data are all produced at different temporal scales. They were all converted to monthly totals which were then analyzed as a time series graph. For MODIS this included determining a daily ETa from the summed 8-day total. The 8-day cumulative value is a summation of 7 preceding daily estimates plus the 8th day estimate. Similarly for FruitLook, this included determining a daily ETa from the summed 7-day total. The 7-day cumulative value is a summation of 6 preceding daily estimates plus the 7th day estimate.
To obtain monthly ETa estimates, the EEFlux single day value was up-scaled by multiplying it by the number of days in the month for all the study wetlands. To evaluate how coarse this estimation was, we estimated the monthly ETa for the Krom wetland using the data from the two local weather stations that are described above under the Climate data section. This involved calculating the crop coefficient (Kc) for each month by taking the ratio of EEFlux ETa and EEFlux ETo (FAO-56 approach; [30] ). This is based on a reasonable assumption that the wetland vegetation does not change over the month. Then, the daily ETo from the local weather station was multiplied by the Kc to obtain daily ETa which were then summed to obtain the monthly ETa for Krom wetland. A comparison of these approaches is shown in Figure 3 . 
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Comparison of ETa for Palmiet Wetlands from Remote Sensing Datasets
To obtain monthly ETa estimates, the EEFlux single day value was up-scaled by multiplying it by the number of days in the month for all the study wetlands. To evaluate how coarse this estimation was, we estimated the monthly ETa for the Krom wetland using the data from the two local weather stations that are described above under the Climate data section. This involved calculating the crop coefficient (Kc) for each month by taking the ratio of EEFlux ETa and EEFlux ETo (FAO-56 approach; [30] ). This is based on a reasonable assumption that the wetland vegetation does not change over the month. Then, the daily ETo from the local weather station was multiplied by the Kc to obtain daily ETa which were then summed to obtain the monthly ETa for Krom wetland. A comparison of these approaches is shown in Figure 3 . The ETa for the six palmiet wetlands were compared across different rainfall years ranging from 2015 to 2019. In addition, the monthly totals were summed over seven months (October to April, restricted by data availability) for two hydrological years (2015/16, 2016/17) from all ETa remote sensing products for the wetlands.
Outputs from all three remote sensing products (MOD16, FruitLook, and EEFlux) were compared with the measured scintillometer data where the data coincided. Similarly, daily ETa data from the EEFlux model were compared with daily scintillometer data where available.
Comparison of ETa from Wetlands with the Surrounding Landscape
In order to evaluate whether wetlands evapotranspire at a higher rate than the surrounding land cover, we determined ETa using EEFlux over the wetland versus three wetland buffer areas (100 m, 500 m, and 1000 m). This analysis was conducted over three different wetlands (Helderstroom, Krom, and Jonkershoek) to assess if wetland size explains the differences in the results. Figure 4 and Table 3 show the various remote sensing outputs for ETa over the six wetlands. The time scales for the graphs vary due to different periods of data availability. Three of the wetlands (shown in grey in Figure 4 ) coincide with a higher rainfall region (Figure 1) , and therefore the evaporative outputs are higher compared to the other three wetlands (shown in white in Figure 4 ). The ETa for the six palmiet wetlands were compared across different rainfall years ranging from 2015 to 2019. In addition, the monthly totals were summed over seven months (October to April, restricted by data availability) for two hydrological years (2015/16, 2016/17) from all ETa remote sensing products for the wetlands.
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Comparison of ETa from remote sensing datasets with ground data (scintillometer)
Helderstroom Wetland: There were only two MOD16 ETa values available that coincided with the acquired scintillometer data over the Helderstroom wetland. The daily scintillometer data was summed to produce a cumulative 8-day value for comparison with the MOD16 8-day product ( Table  4 ). The cumulative value of the scintillometer data (32.8 mm 8day −1 ) was at least two times more than the MODIS ETa cumulative value (13.97 mm 8day −1 ), suggesting that MODIS significantly underestimated ETa over the Helderstroom palmiet wetland. There was only one day (25 October) when Landsat 7 obtained a clear enough image to produce an estimate of ETa using the EEFlux 
Comparison of ETa from Remote Sensing Datasets with Ground Data (Scintillometer)
Helderstroom Wetland: There were only two MOD16 ETa values available that coincided with the acquired scintillometer data over the Helderstroom wetland. The daily scintillometer data was summed to produce a cumulative 8-day value for comparison with the MOD16 8-day product ( Table 4 ). The cumulative value of the scintillometer data (32.8 mm 8day −1 ) was at least two times more than the MODIS ETa cumulative value (13.97 mm 8day −1 ), suggesting that MODIS significantly underestimated ETa over the Helderstroom palmiet wetland. There was only one day (25 October) when Landsat 7
Geosciences 2019, 9, 491 9 of 17 obtained a clear enough image to produce an estimate of ETa using the EEFlux model. A value of 4.65 mm day −1 from the EEFlux model is lower by approximately 2 mm day −1 with the ETa estimate from the scintillometer (6.5 mm day −1 ). Krom Wetland: The daily scintillometer data are compared to MOD16 ETa data (a cumulative 8-day value), EEFlux ETa data (daily value) and FruitLook data (a cumulative 7-day value) in Table 5 . The daily scintillometer data are shown in Figure 5 .
Geosciences 2019, 9, Krom Wetland: The daily scintillometer data are compared to MOD16 ETa data (a cumulative 8day value), EEFlux ETa data (daily value) and FruitLook data (a cumulative 7-day value) in Table 5 . The daily scintillometer data are shown in Figure 5 . Figure 6 illustrates the comparison between the various time series, with FruitLook estimates more sensitive to water availability in the catchment and therefore more variable than MOD16 and EEFlux estimates. Both data from MOD16 and EEFlux did not show significant sensitivity to water availability in terms of variations in rainfall. Figure 6 illustrates the comparison between the various time series, with FruitLook estimates more sensitive to water availability in the catchment and therefore more variable than MOD16 and EEFlux estimates. Both data from MOD16 and EEFlux did not show significant sensitivity to water availability in terms of variations in rainfall. 
Comparison of ETa from Wetlands with the Surrounding Landscape
It is expected that the ETa from the wetland area will be higher than that of the surrounding non-wetland areas due to constant inundation with water (even during drier periods due to groundwater input to the system). In general, all the buffers had lower ETa estimates derived from EEFLUX than the wetland; however, the estimates were significantly higher for the wetland compared to the surrounding land covers for the Krom and Helderstroom wetlands compared to the Jonkershoek wetland (Table 6 and Figure 7 ). Table 6 . Mean monthly ETa (mm month −1 ) averaged from 2.5 years of data (September 2015-February 2019) for Krom, Helderstroom, and Jonkershoek wetland and delineated buffers around the wetlands (non-wetland areas).
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Discussion
Estimates of Palmiet Wetland ETa from Remote Sensing Products
Riparian and wetland plants are considered to be high water users [31, 32] . This is because wetlands have an abundance of vegetation and a continuous supply of water, which contributes to high evapotranspiration rates. [17, 33] . Wetland plants are however, not always high water users. Some woodlands in Zambia, for example, have a higher ET than nearby wetlands [34] . In particular, 
Discussion
Estimates of Palmiet Wetland ETa from Remote Sensing Products
Riparian and wetland plants are considered to be high water users [31, 32] . This is because wetlands have an abundance of vegetation and a continuous supply of water, which contributes to high evapotranspiration rates. [17, 33] . Wetland plants are however, not always high water users. Some woodlands in Zambia, for example, have a higher ET than nearby wetlands [34] . In particular, the water use of palmiet plants is unknown and the limited information on their water use [10, 15, 35] has resulted in wide ranging estimates, which this paper aimed to constrain.
The various remote sensing outputs were similar for wetlands grouped in similar climatic zones. The ETa estimates for the three wetlands found relatively close together in a winter rainfall area were similar and each remote sensing product picked up similar signals between wetlands (although different from each other), while the two wetlands situated in a region that receives year-round rainfall were also very similar (although different between the two climate zones; Figure 4 ). The Clanwilliam wetland found in an arid zone resulted in very different estimates from the two sources of data (MOD16 and Fruitlook) as well as from the other wetlands, and as a result these were unable to be validated or analysed effectively. Further findings from the study revealed that palmiet water use varies significantly between seasons.
Based on the comparison of the three remote sensing products, as well as the ground based scintillometer measurements, there is a high degree of variability in the ET estimations but some general observations based on Figure 4 and Table 3 − FruitlLook estimates show the highest variability that appears to correspond with water availability in the catchment area, indicating that it is possibly oversensitive to water availability. − For the three drier catchments (d), (e), and (f), FruitLook estimates show the highest ETa for the arid Clanwilliam wetland (e), compared to the Goukou (d) and Krom (f) wetlands, which is a surprising result given the differences in water availability.
The Krom palmiet wetland was analysed in more detail as a scintillometer was installed to measure ETa. The Krom wetland comparisons confirmed the high sensitivity of FruitLook estimates to water availability, with FruitLook estimates being significantly lower than EEFlux and MOD16 during the dry year 2017/2018, and significantly higher than EEFlux and MOD16 during the much wetter year 2018/2019. The scintillometer was installed from 22 May 2019 to 22 July 2019 during a relatively high rainfall year. Measurements from the scintillometer during this time were most comparable with the FruitLook estimates although were higher than all of the remote sensing products most of the time (Table 5) .
A scintillometer installed in the Helderstrom wetland during October 2008, also measured significantly higher ETa than those estimated by MOD16 and EEFlux ( (Table 3) . It is not known how Rebelo [10] upscaled her estimates and these figures are not completely comparable with Rebelo's estimate as they cover only seven months of the year (highest ETa months), but the comparisons certainly indicate that the ETa estimated by MOD16 are too low, and that estimates by FruitLook and EEFlux are more sensible in this environment.
The outputs from both scintillometers indicate a higher ETa than all remote sensed products are reporting. From the analysis of the scintillometer set up for the Krom wetland, however, the ETa is highly variable and although generally high, reduces considerably during both cooler and windy days ( Figure 5 ). Particularly surprising was the drop in the ETa during days with high solar radiation but with high wind conditions, indicating that the sunken stomata identified by Rebelo [10] allow the plant to exert some control over water loss.
Influence of Wetland Size and Shape
The pixel size of Landsat 7/8 used in the EEFlux model is a 30 m resolution, and differences in ETa estimated by EEFlux between three wetlands and their surrounding land cover were also evaluated. The results ( Table 6 and Figure 7) show that wetland ETa was higher in the wetland than the surrounding land cover for all three wetlands, although the small Jonkershoek wetland showed the least difference. As the surrounding land cover buffers moved further from the wetland, the ETa decreased which is a realistic representation of system behavior. EEFlux seems to be a fairly reliable tool for analysing wetland ETa for smaller palmiet wetlands, however care should be taken in drier years when EEFlux tends not to pick up changes.
For the small Jonkershoek palmiet wetland, the growing season ETa (October to April of the hydrological years 2015/16 and 2016/17) were estimated at 537 mm year −1 (2015/16) and 456 mm year −1 (2016/17) by FruitLook; at 319 mm year −1 (2015/16) and 334 mm year −1 (2016/17) by MOD16; and 904 mm year −1 (2015/16) and 1105 mm year −1 (2016/17) by EEFlux ( Table 3 ). The differences in estimated ETa between Jonkershoek and Helderstrom are surprising from a location point of view, as they are found relatively close together with a similar climate. However, Jonkershoek is a much smaller wetland than Helderstrom, which could be the reason why both FruitLook and MOD16 provided much lower ETa estimates compared to EEFlux for Jonkershoek, while only MOD16 gave lower ETa values versus EEFlux for Helderstrom.
The size and shape of each wetland clearly influenced the results in two ways. Firstly, the smaller wetland ETa signals are affected by the remote sensing product. Secondly, a small wetland had similar ETa to the adjoining land covers. Table 1 presents the shape and size of each wetland and a number of the wetlands evaluated are very small or shaped irregularly (i.e., long and thin) resulting in data signals gathered at a larger pixel size being influenced by other types of land cover.
Conclusions
Despite their value, palmiet wetlands are becoming increasingly degraded and this is mostly a result of land use change [10, 36] . A significant threat is the clearing or drainage of palmiet wetlands for agricultural purposes. Competing water users (typically farmers) consider palmiet plants to be high water users and thus clearing of palmiet wetlands has been common [37] . However, palmiet wetlands provide important flood regulation services [10] and the lack of understanding of their hydrological functioning is hindering protection drives.
The estimates of wetland ETa derived from the various sources in this paper were highly variable, as they were in previous studies [10, 36] , highlighting the complexities of determining ETa over palmiet wetlands located in climatically different areas. However, there were useful conclusions that emerged from the comparisons.
The large pixel size (500 m) of the MOD16 product resulted in too much averaging of the signal between the wetland and the surrounding land cover, which resulted in an underestimation of ETa by the MOD16 product for most of the wetlands.
The FruitLook platform which uses the MOD16 product within the SEBAL model was much more sensitive to water availability which resulted in more variable estimates between wet and dry years. The EEFlux product which uses Landsat 7/8 data and FruitLook provided the closest estimates to the measured scintillometer data. However, validation of these results using data from scintillometers on two wetlands indicated that all the remote sensing products are underestimating ETa from palmiet wetlands most of the time. The data from the scintillometers provided some clues as to the difficulty of estimating ETa through satellite measurements, since the ETa measured by the scintillometers indicate that ETa from palmiet wetlands is highly variable due to the plants ability to control water loss in high wind conditions. There are therefore indications that the physiological characteristics of the plant may exert some control over plant transpiration [10] .
This paper has highlighted the variability in palmiet wetland ETa by size, climate, and seasonality, and shown that palmiet wetland ETa is governed by a number of external factors. Palmiet ETa was higher than all the remote sensing estimates, which supports the conclusions of Job [13] and Smith [14] that palmiet is reliant on a continuous supply of water, and that the high groundwater baseflows common in the Cape Fold Belt are a key reason palmiet is largely endemic to this region.
